Introduction
Pine wilt disease caused by the pinewood nematode (PWN), Bursaphelenchus xylophilus (Steiner et Buhrer) Nickle, is one of the most severe diseases of pine trees (Pinus spp.). The PWN is transmitted by Cerambycid beetles (Monochamus spp.) and is propagated within the stem of pine trees where it causes xylem dysfunction resulting in wilting and eventually death (Jones et al. 2008) . Pine wilt disease is serious in many parts of East Asia, including Japan, China and Korea (Dwinell 1997) , where the most susceptible pine species, Japanese red pine (Pinus densiflora Sieb. et Zucc.) and Japanese black pine (Pinus thunbergii Parl.), are common. This disease was introduced into southern Europe in 1999 and now presents a substantial threat to European pine forests (Mota et al. 1999) . In Korea, it has destroyed over 7800 ha of P. densiflora and P. thunbergii forests since the first report in 1988 (Yi et al. 1989) . In 2006, Korean pine (Pinus koraiensis Sieb. et Zucc.) was identified as a new host for the PWN (Kwon et al. 2006) . It is likely that these pine species will be lost entirely from Korea. There has been a huge effort to control pine wilt disease, but most pine trees in Korea are susceptible to the disease and no protection method exists.
Because of the rapid dispersal of PWN and the high mortality of trees infected with pine wilt disease, PWN has become the subject of extensive research. For instance, the transmission of nematodes to pine twigs through beetle feeding has been evaluated in several countries (Li et al. 2007 , Naves et al. 2007 ). Ichihara et al. (2000) reported nematode migration occurring via resin canals and described the development of early symptoms at different temperatures. The development of pine wilt disease symptoms can be divided into early and late stages (Fukuda 1997) . The early response occurs in both susceptible and resistant trees, whereas the late response is found only in susceptible trees infected by virulent isolates. In the late response, ethylene production, cambium damage and xylem embolism increase, coinciding with an explosion of the nematode population (Fukuda 1997) . However, even though the disease has been known for decades, little information is available on either the physiological or the biochemical responses of pine trees, and there is no data on the response of pine trees at the molecular level.
As a first step to elucidate the responses of pine trees to PWN invasion at the molecular level, we isolated cDNAs for putatively upregulated or newly induced genes in infected trees using both an annealing control primer (ACP) system, employing a revised method of differential display, and suppression subtractive hybridization (SSH).
The ACP system, which is useful for detecting differentially expressed genes (DEGs), makes use of 120 arbitrary primer sets that anneal to the template specifically, allowing for the elimination of false-positive results (Kim et al. 2004) . Unlike the ACP system, which is effective for identifying single DEGs, SSH is useful for examining overall differences in gene expression between pairs of populations and for identifying the rarely expressed genes (Diatchenko et al. 1999) . We isolated 33 DEGs and 2778 expressed sequence tags (ESTs) from two SSH libraries and assessed their functions in relation to the physiological responses of PWN-infected trees. In addition, upregulation of the transcripts was validated by real-time quantitative reverse-transcription polymerase chain reaction (qRT-PCR) analysis.
Materials and methods

Plant material and nematode culture
Experiments were carried out twice, in 2006 twice, in and in 2007 twice, in . In 2006 Japanese red pines from a PWN-damaged area (Jinju, Korea) were examined. In 2007, we studied potted 4-year-old trees that were grown in the nursery at the Korea Forest Research Institute (Suwon, Korea) for 3 years. During the fourth year, each tree was transplanted to a pot filled with paddy soil and was maintained under natural conditions at the same location.
B. xylophilus was originally isolated from a dead Japanese black pine (Woo et al. 2007) . In brief, with the aid of a microscope, B. xylophilus was identified unambiguously, isolated and then reared on fungal hyphae of Botrytis cinerea (de Bary) Whetzel grown on potato dextrose agar medium at 25°C for 10 days. Before inoculation, the PWNs were re-isolated from the medium by the Baermann funnel method (Ayoub 1980) .
PWN inoculation, tissue harvest and RNA preparation
In May 2006, each tree was inoculated with 30,000 nematodes. The stems were wounded mechanically in three places in the internodes, and 10,000 nematodes suspended in 1 ml sterile water were injected into each wound. Sterile water without nematodes was applied to the control trees. Four treated trees and three control trees were harvested 21 h after inoculation (HAI). In June 2007, trees were inoculated with PWN. To examine the responses of the trees over time, harvesting was carried out 1 and 7 days after inoculation (DAI). Six trees per planned harvest were inoculated. Two wounds were made on the main stem of each tree and each wound was inoculated with 3000 nematodes. The stem portion including the inoculation sites on each tree was collected and frozen immediately in liquid nitrogen. Total RNA was isolated from the stem samples as described by Chang et al. (1993) . Integrity and purity of the isolated RNA were checked by formaldehyde denaturing agarose gel electrophoresis and spectrophotometry using GeneQuant (BioChrome, Cambridge, UK).
The ACP system and sequence analysis
To identify DEGs, we applied the ACP-based PCR method (Kim et al. 2004 ) using GeneFishing TM DEG Kits (Seegene, Seoul, Korea) according to the manufacturer's instructions. Briefly, after cDNA synthesis from 3 lg of total RNA, PCR was carried out with a program of 40 cycles of 94°C for 40 s, 65°C for 40 s and 72°C for 40 s, followed by a 5 min final extension at 72°C. The amplified PCR products were separated in 2% agarose gels, stained with ethidium bromide, and upregulated cDNAs were isolated and cloned into a TOPO TA cloning vector (Invitrogen, Karlsruhe, Germany). Plasmid DNAs were then isolated and sequenced (PE Applied Biosystems, Foster City, CA). BLASTN and BLASTX algorithms were used to search the National Center for Biotechnology Information (NCBI) GenBank database for similar sequences.
Construction of SSH libraries and EST analysis
The mRNA was purified using an Oligotex mRNA Kit (Qiagen, Valencia, CA). The cDNA synthesis and SSH library construction were performed using an SSH-Select cDNA Subtraction Kit (Clontech, Palo Alto, CA). Only forward (i.e., with the inoculated treatment as the tester and the non-inoculated control as the driver) SSH cDNA libraries were constructed in 2007, according to the manufacturer's instructions. Briefly, driver and tester cDNAs were digested with RsaI, extracted with phenol/chloroform, precipitated with ethanol and resuspended in water. Tester cDNA was split into two pools and then ligated to the different adaptors supplied in the cDNA Subtraction Kit. Following the manufacturer's protocol, two rounds of hybridization and PCR amplification were carried out to normalize and enrich the differentially expressed cDNAs. The secondary PCR products were purified and inserted into the pGEM-T Easy Vector (Promega, Madison, WI) and were transformed into Escherichia coli DH10B competent cells. Plasmids were isolated using an AccuPrep Plasmid Extraction Kit (Bioneer, Daejeon, Korea) and an HT-Prep Automatic DNA Extractor (Bioneer). Single-pass sequencing was performed using the T7 universal primer (Invitrogen).
Vector masking and trimming, as well as adaptor removal, were performed with Crossmatch (http:// www.phrap.org). Contaminants of bacterial, mitochondrial and ribosomal RNA genes were identified by a BLASTN search and were removed along with sequences of < 200 bases. The ESTs were assembled into contigs using a DNA sequence assembly program, CAP3 (Huang and Madan 1999 ) with a 75% homology and 30 base minimum overlap as assembly parameters. The individuals and clustered ESTs were subjected to similarity searches against the GenBank nonredundant Arabidopsis databases using the BLASTX algorithm. From the BLASTX results, ESTs were classified into 'match' and 'no match' categories. Matched ESTs were those with a score > 80; all others were recorded as having no match. The functional assignment of matched genes was accomplished using Gene Ontology (GO) annotation analysis (http://www. arabidopsis.org).
Real-time qRT-PCR
To verify the differences in the relative abundance of transcripts of genes from inoculated and non-inoculated trees, qRT-PCR was performed on the total RNAs initially isolated for the ACP system and for construction of the SSH library. Gene-specific primers for randomly selected genes were designed using IDT SciTools PrimerQuest SM (http://www.idtdna.com/Scitools/Applications/Primerquest) ( Table 4) . As a quantitative control, primers for elongation factor 1a (Nicot et al. 2005) were also designed. After reverse transcription with AMV reverse transcriptase (Promega), the reaction product was diluted 100-fold with sterile water and 1 ll of the diluent was used as a template. Primer specificity was confirmed by ordinary PCR and electrophoresis in a 2% agarose gel, and reaction efficiency was checked by creating standard curves based on four 10· dilution series. Realtime qPCR was performed using optical 96-well plates in a DNA Engine Opticon TM continuous fluorescence detection system (MJ Research, Waltham, MA) in conjunction with SYBR Green. Each 20-ll reaction mixture contained 1 ll of the diluted template, 10 ll of 2X SYBR Ò Green PCR Master Mix (BioRad Laboratories, Hercules, CA), 1 ll of 10 lM forward and reverse primers and 7 ll of nuclease-free water. The standard protocol used for all qPCRs included denaturation at 95°C for 10 min followed by 40 cycles of 95°C for 30 s, 60°C for 30 s and 72°C for 30 s, then 72°C for 10 min. The fluorescence signal was captured at the end of each cycle. Melting curve analysis was performed from 65 to 95°C, with data captured every 0.2°C during a 1-s hold to ensure amplification of a single product and to exclude any primer dimers. The PCR products were reconfirmed by electrophoresis in a 2% agarose gel to verify that a single product of the expected size had been produced. Each sample was tested in duplicate for all primers. Relative transcript abundances were determined by DDCt method (Pfaffl 2001) , comparing the data for each gene in the inoculated samples with the data for non-inoculated samples. Selected transcripts, primer sequences and relative quantification data are presented in Table 4 .
Results
Development of disease
After artificial inoculation, no external symptoms appeared until the seventh day, the final sampling day. However, a few trees were retained so that we could observe subsequent development of the disease. Needle discoloration and wilting first appeared in the inoculated trees 17 DAI, but no such symptoms were observed in the control trees.
DEGs in the nematode-inoculated trees
Nine DEGs were identified in the 2006 experiment, and 13 and 11 DEGs, respectively, were identified in the 1 and 7 DAI samples in 2007. The BLAST search results for each DEG are summarized in Table 1 . The DEGs obtained from the 2006 experiment included genes encoding a putative intracellular pathogenesis-related protein (PR-10 protein), two pinosylvin synthases and a heavy-metal-associateddomain-containing protein. The DEGs from 2007 were mainly related to water stress and oxidative stress. Genes encoding a dehydration-induced protein RD22-like protein, a metallothionein-like protein and thioredoxin H were identified in the 1 DAI samples, and a BURP-domain-containing protein and an oxidoreductase in the 7 DAI samples. A gene encoding a glycine-rich RNA-binding protein was upregulated in both 1 and 7 DAI samples.
Analysis of cDNA libraries constructed by SSH
To isolate genes that were upregulated or newly induced by PWN inoculation, in the early-and late-response stages, two SSH libraries were constructed using mRNA from PWN-inoculated stems sampled after 1 or 7 days as the tester and using mRNA from non-inoculated stems as the driver. A total of 1440 and 1439 clones were randomly selected for sequencing from the two libraries, BX-1D and BX-7D, named according to the treatment time. Of these, 1389 high-quality sequences from each library were selected after removing low-quality region, vector and adaptor sequences. A total of 320 contigs and 383 singletons were present in BX-1D and the contigs comprised 1006 ESTs, resulting in a redundancy of 72%. In BX-7D, there were 697 unique ESTs (299 contigs and 398 singletons) and there was 71% redundancy. Summaries of the libraries are shown in Table 2 . The EST sequences obtained have been deposited in the GenBank dbEST at NCBI (Accession numbers FG615548 to FG618326).
We classified and analyzed the genes from the two SSH libraries according to GO classes based on the best Arabidopsis orthologs. The expression of genes involved in developmental processes, transcription, transport, responses to abiotic and biotic stimuli, and responses to stress decreased with time after inoculation (Figure 1 ). However, genes involved in cell organization and biogenesis, DNA and RNA metabolism, electron transport and energy pathways, and other biological processes were highly expressed 7 DAI. Along with the GO analysis, we also performed gene-by-gene analysis to examine upregulated genes in relation to the biochemical and physiological responses of the trees in response to PWN inoculation. The most noteworthy genes are shown in Table 3 and are considered in the Discussion section.
Results of qRT-PCR
To validate the reliability of the results from the ACP system and SSH, we selected a set of genes and analyzed their expressional changes in response to PWN inoculation by qRT-PCR. Genes were selected from samples collected on three occasions: 21 HAI in the 2006 experiment, and 1 and 7 DAI in the 2007 experiment (Tables 1 and 3 ). For definitive validation, we used as a template the same RNA that was used in the ACP system or in the construction of the SSH library from which the genes were selected. The PCR primers were designed for the selected genes, and some primer pairs that produced more than two PCR products or displayed nonlinear amplification across the range of RNA concentrations tested were excluded (data not shown). Ten primer sets were chosen for further analysis. Of the 10 genes examined, four genes encoding pinosylvin synthase, prolinerich protein, thaumatin-like protein and endochitinase exhibited more than twofold upregulation following PWN inoculation (Table 4) . The remaining six genes were also upregulated by PWN but at lower levels. Overall, our qRT-PCR data confirmed that the selected genes were upregulated in nematode-inoculated trees and that their expression levels were gene specific, ranging from 1.33 to 8.77.
Discussion
Using the ACP system, we identified several upregulated biotic-stress-resistance-related genes, including genes encoding a PR-10 protein (G03-DEG1), pinosylvin synthases (G04-DEG3 and G04-DEG8) and several oxidative-stress-related genes, including genes coding for metallothionein (77B-DEG6), thioredoxin H (85-2B-DEG8) and oxidoreductase (100-1A-DEG7). Dehydration-induced protein RD22-like protein (33-1A-DEG3) and a BURP-domain-containing protein (33-1-DEG2), which are associated with water stress, were also upregulated following PWN inoculation. A gene encoding a glycine-rich RNA-binding protein was upregulated both 1 and 7 DAI. Pinosylvin, a kind of stilbenoid, is known to be an inducible phytoalexin in pine trees, especially young pine seedlings that are exposed to biotic stress (Preisig-Muller et al. 1999) . It is also known as a key metabolite that can kill nematodes (Kodan et al. 2002) . Pinosylvin synthases are members of the stilbene synthases, a group of proteins encoded by a small gene family in pine trees that catalyze key steps in stilbenoid synthesis (Preisig-Muller et al. 1999) . Stilbene synthases appear to have evolved from chalcone synthase that catalyzes the first step in flavonoid biosynthesis, thereby providing scope for synthesizing varying proportions of stilbenoids and flavonoids (Kodan et al. 2002) . Along with two DEGs encoding pinosylvin synthase detected by the ACP system, there were 15 ESTs encoding chalcone synthase in the SSH libraries; thus, these enzymes seem to play important roles in pine tree defense against PWN.
The PR proteins are defined as proteins that are induced in response to pathogenic attack (Osmond et al. 2001 , Zamani et al. 2003 , and the expression of PR-10 protein is known to be induced by biotic infection. For instance, in Medicago sativa L., Breda et al. (1996) found the expression of PR-10 protein to be undetectable in healthy plants, but significant in leaf blades during incompatible interactions with pathogenic bacteria. Moreover, PR-10 proteins in conifers have been found to be upregulated by pathogens (Ekramoddoullah 2004 ).
Metallothioneins, which are involved in metal homeostasis and heavy metal detoxification, are highly expressed in tissues under intense oxidative stress (Mir et al. 2004 ). In Norway spruce (Picea abies), metallothioneins accumulate in the needles under ozone stress and they have been implicated in the maintenance of intracellular redox potential via the detoxification of reactive oxygen species (Etscheid et al. 1999) .
Glycine-rich RNA-binding proteins were found by the ACP system and in both BX-1D and BX-7D SSH libraries. Such proteins are known to take part in posttranscriptional regulation, including RNA processing in response to environmental stresses such as water stress and high salinity ). In white spruce (Picea glauca), glycinerich RNA-binding protein is upregulated by jasmonic acid and systemic wounding (Richard et al. 1999) . Thus, the upregulation of glycine-rich RNA-binding proteins in PWN-inoculated trees seems to be related to the physical damage caused by nematodes or to the subsequent water stress resulting from tracheid embolism, or to both processes.
To examine the gene expression profiles more broadly, we constructed two SSH libraries from the PWN-inoculated stems sampled after 1 and 7 days, designated BX-1D and BX-7D, respectively. Overall, GO analysis showed that defense-related genes were more highly expressed in BX-1D than in BX-7D (Figure 1 ), although genes related to oxidative stress were highly expressed in BX-7D. These results suggest that defense-related genes were expressed in the early stage of the response. However, this response was insufficient to overcome PWN infection in Japanese red pine. As the pine wilt disease progresses, infected trees suffer severe oxidative and water stress and eventually die from dysfunction of the tracheid transport system (Fukuda 1997 Genes associated with stress responses that were found to be highly expressed in pine trees after PWN inoculation (Table 3) included those encoding the following PR proteins: PR-2 (beta-1,3-glucanase-like protein, Contig32 and Contig62 in BX-1D, and Conting153 in BX-7D), PR-3 (chitinase, 001_09-B01 in BX-1D), PR-4 (hevein-like protein precursor, Contig274 in BX-1D) and PR-5 (thaumatin-like protein, 001_06-E10 and 001_07-A04 in BX-1D). Beta-1,3-glucanase and endochitinase are coordinately induced as part of the hypersensitive response to pathogen infection (Meins and Ahl 1989) . They exhibit direct fungicidal activity against some phytopathogenic fungi by the synergistic degradation of the cell walls of those fungi (Mauch et al. 1988) . Moreover, in Douglas-fir (Pseudotsuga menziesii var. menziesii (Mirbel) Franco), endochitinase activity has been found to increase at the infection site of root rot fungus Phellinus weirii (Murr.) Gilb (Zamani et al. 2003) . Beta-1,3-glucanase and endochitinase are thought to be involved in the degradation of the cell walls of the fungal pathogen, Ceratocystis spp., which is known to infect pine trees concomitantly with PWN (Wingfield 1987) . PR-5 thaumatin-like protein is also induced in Phellinus weiriiinfected Douglas-fir (Zamani et al. 2003) . PR-5 proteins have shown antifungal activity by binding to (1,3)-beta-Dglucans; however, the underlying mechanism is not clear (Osmond et al. 2001) . Hevein is a small chitin-binding latex protein and is known to exhibit chitin-binding activity (Damme et al. 1999) .
Detoxification and redox processes are known to occur in plants, including conifers, when they are under oxidative stress generated by biotic or abiotic agents. In PWN invasion, metabolites released by the action of enzymes in nematode saliva, such as cellulase (Zhang et al. 2006) , and the host's secondary metabolites, which are normally restricted to specialized cells or subcellular compartments, can result in plant cells being exposed to highly toxic oxygen species (Ralph et al. 2006 ). Many genes involved in the protection of cells from oxidative stress were expressed after nematode inoculation, including genes encoding peroxidase (Contig72 and Contig182 in BX-1D, and 002_02-G01 in BX-7D). Genes encoding methylenetetrahydrofolate reductase (Contig276) and superoxide dismutase (Contig315) were detected only in the BX-1D library. Genes encoding various types of thioredoxin (Contig205 and 002_02-F03), oxidoreductase (Contig267, 002_02-A10, 002_06-G08 and 002_12-E05), cytochrome b5 fusion protein (002_02-B12) and glutathione-S-transferase-like protein (002-14-B06) were found exclusively in the BX-7D library. Peroxidase enzymes are engaged in the oxidation of phenolic elements in cell wall polymers under biotic stress and in the polymerization of lignin and suberin (Fossdal et al. 2001) . In the roots of Norway spruce (P. abies) seedlings, peroxidases are more abundant following infection with the root dieback pathogen Pythium dimorphum J. W. Hendrix & W. A. Campb. (Fossdal et al. 2001) . Thioredoxins have roles in many cellular processes, including cell redox regulation (Gelhaye et al. 2004 ). In our study, various types of thioredoxin, including m and h types, were expressed. Although they have similar functions, their subcellular localization differs and thus they may fulfill different roles or exhibit different specificities within the cell (Gelhaye et al. 2004) . Superoxide dismutase protects cells against oxidative stress by dismutating superoxide to hydrogen peroxide and molecular oxygen (Karlsson et al. 2005) . It is apparent that genes related to oxidative stress were more strongly induced or upregulated in the BX-7D library than in the BX-1D library, implying that the inoculated trees were under more severe oxidative stress in the later stage of nematode inoculation, possibly because of water stress resulting from xylem embolism and because of the presence of other secondary metabolites involved in the defense mechanisms in addition to the presence of PWNs.
Secondary metabolites are important agents of conifer defense. In particular, resin composed of various terpenoids is the foundation of constitutive and inducible defense mechanisms (Phillips and Croteau 1999) . In addition, it has been suggested that phenolic compounds play pivotal roles in conifer defense mechanisms (Ralph et al. 2006) . A study of the mechanisms of systemic induced resistance in pine, using a tripartite system of the fungal pathogen Diplodia pinea (Desmaz.) J. Kick., the defoliator insect Neodiprion sertifer (Geoffroy) and the conifer host Pinus nigra Arn., revealed that phenolic glycosides, stilbenes and monoterpenes are co-regulated. In addition, accumulation of phenolic glycosides and stilbenes is negatively correlated with disease susceptibility (Wallis et al. 2008) . Similarly, polyphenolic substances, especially tannins, are produced in high amounts in PWN-inoculated Japanese black pines (Futai 2003) . We identified several genes related to secondary metabolism among the upregulated sets. Genes encoding cytochrome P450 (Contig60 and Contig76 in BX-1D, and Contig2, Contig214, 002_09-C04, 002_11-B01 and 002_14-B12 in BX-7D) were expressed in both BX-1D and BX-7D SSH libraries. A gene encoding limonene-cyclase-like protein (Contig290) was expressed in BX-7D. Most of the identified genes encoding enzymes that are responsible for the production of secondary metabolites are related to the phenylpropanoid pathway; for example, phenylalanine ammonia lyase (Contig3), 4-coumarate:CoA ligase (Contig193 and 001_11-F05 in BX-1D, and Contig98 in BX-7D), caffeoyl-CoA O-methyltransferase-like protein (Contig319) and cinnamoyl-CoA reductase-like protein (Contig107) in the lignin pathway, and flavonoid hydroxylase-like protein (Contig87 and 001_04-A09 in BX-1D, and Contig73 and Contig86 in BX-7D) and chalcone synthase (001_14-G10 and 001_14-H04) in the flavonoid/stilbenoid pathway. Many genes related to secondary metabolism were identified in our libraries, but the role of these genes in relation to PWN invasion is still unclear because secondary metabolism in conifers is complex.
In response to PWN inoculation, we found significant changes in the expression of genes with functions related to defense, secondary metabolism and development, implying that these genes are transcriptionally regulated. Therefore, we examined transcription factors in our libraries. Genes encoding putative homeodomain transcription factor (Contig79), bZIP-like protein (001_02-D06) and putative AP2-domain-containing protein (001_06-B09) were expressed in BX-1D, and transcription initiation factors (Contig102 and 002_09-A12) and a putative basic helixloop-helix transcription factor (002_14-A07) were activated in BX-7D. An Arabidopsis homeodomain transcription factor has been reported to mediate resistance to infection by necrotrophic pathogens (Coego et al. 2005) . The Arabidopsis AP2-family is a subfamily of the dehydration-responsive element-binding/ERF-related proteins, members of which are important mediators of responses to various environmental stress signals (Sakuma et al. 2002) . In a microarray experiment in which the expression patterns of 402 Arabidopsis transcription factor genes were examined (Chen et al. 2002) , specific patterns of co-regulation or differential regulation were found to be associated with specific combinations of abiotic/biotic stresses and time points. Comparing transcription factors in BX-1D with that in BX-7D, there were few differences but not enough to explain the response of pine trees to PWN infection. However, the different transcription factors in the two libraries that we constructed may regulate the different genes as the disease progresses.
Methyl jasmonate and ethylene are important components of the defenses of conifers against insects and other pathogens (Miller et al. 2005) . Methyl jasmonate seems to be involved in signal transduction for both the phenylpropanoid and terpenoid pathways in conifers (Hudgins and Franceschi 2004) . Ethylene can induce cellular defenses similar to those observed following insect attack, wounding or fungal infection in Douglas-fir (Pseudotsuga menziesii) (Hudgins and Franceschi 2004) . In particular, methyl jasmonate or ethylene can trigger the formation of traumatic resin canals in conifers (Hudgins and Franceschi 2004, Miller et al. 2005) . Similar traumatic resin canals have been observed in the cambial zone of 4-year-old Japanese black pine inoculated with PWN (Sugawa 1982) . A gene related to the octadecanoid pathway which is associated with methyl jasmonate formation and a gene involved in the ethylene signaling pathway were detected in our libraries; the former encoding a phospholipase D (002_08-B02 in BX-7D) and the latter encoding an S-adenosylmethionine synthase (001_04-B07, 001_09-A02 and 001_15-C06 in BX-1D). It seems certain that these signaling molecules have important roles in defensive activities following PWN invasion; however, the relationship between PWN invasion and signaling molecules and the subsequent responses of pine trees require further study.
In conclusion, we isolated and characterized upregulated or newly induced genes related to biochemical and physiological responses of pine trees as a result of PWN invasion. A total of 33 DEGs from the ACP system and 2778 ESTs from the two SSH libraries were identified as being upregulated in response to PWN. Identification of PWN-responsive genes should provide valuable indications of the mechanisms involved in the interactions between pine trees and PWN. The reliability of our data was confirmed by qRT-PCR. The observed changes in gene expression were cataloged after infection with many more nematodes than would be present in a natural context. The changes may, therefore, not be observed in natural circumstances until much later after infection, when the nematode numbers have built up to the values used in our experiments. Nevertheless, our study provides a starting point for understanding the molecular response of pine trees to PWN, but more detailed functional analyses of the upregulated genes obtained in this study, as well as additional studies on gene expression at the transcriptome level, are required to unravel the complex defense mechanisms induced in pine trees in response to PWN invasion.
